Two fl uorescent quantum clusters of gold, namely Au 25 and Au 8 , have been synthesized from mercaptosuccinic acid-protected gold nanoparticles of 4 5 nm core diameter by etching with excess glutathione. While etching at pH ~3 yielded Au 25 , that at pH 7 8 yielded Au 8 . This is the fi rst report of the synthesis of two quantum clusters starting from a single precursor. This simple method makes it possible to synthesize well-defined clusters in gram quantities. Since these clusters are highly fl uorescent and are highly biocompatible due to their low metallic content, they can be used for diagnostic applications.
Nanoparticles with a variety of shapes and sizes have been synthesized as they offer numerous possibilities to study size and shape-dependent variations of electronic [1] , optical [2] , and chemical properties [3 5] . Quantum clusters are a new class of nanomaterials with only a few atoms in the core and are represented in terms of the number of core atoms such as Au 8 [6 9 ], Au 11 [10 14 ], Au 13 [15 17] or Au 25 [18 25 ], rather than their core diameter. Having sub-nanometer size, they cannot possess surface plasmon resonance as the density of states is insufficient to create metallicity. They show discrete energy levels with potentially strong fluorescent transitions between them [26] . Quantum clusters of gold exhibit distinct, but different, fluorescence emissions ranging from ultraviolet to near infrared with increasing number of core atoms [6] . In all the methods reported so far, the clusters are synthesized by reducing the precursor HAuCl 4 in presence of templates or protecting species such as dendrimers [6 9 ], phosphines [10 14 ] and thiols [18 25 ]. However, these clusters can also be synthesized from metallic nanoparticles using the etching capacity of some ligands which will remove the surface atoms of the metallic nanoparticles leading to stable quantum clusters. Of the various possible clusters synthesized by different methods, some specifi c clusters are extremely stable compared to others. For example, Au 25 SG 18 , where 334 Nano Res (2008) 1: 333 340
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SG is glutathione thiolate, is the most stable cluster among the various glutathione (GSH) protected clusters and the stability of this cluster is attributed to the complete protection of the surface atoms by the ligand [21 24] . The stability of such clusters is due either to the intrinsic stability of the core or the ligand induced stability [19] . Intrinsic stability of cluster cores arises due to closed electronic shells as in Au 8 , Au 18 This is the fi rst report of the synthesis of two different clusters from the same metal nanoparticle precursor. This gram-quantity synthetic approach makes it possible to undertake a range of studies on this class of novel materials. Au@MSA in water was mixed with GSH, 1:4 by weight, in air, under constant stirring at 55 °C. The pH of the starting solution was in the range 2.7 3. The UV vis spectrum was measured at regular intervals during etching. The starting material, Au@ MSA showed a surface plasmon resonance at 540 nm ( Fig. 1) , characteristic of metallic nanoparticles. It was found that the surface plasmon resonance at 540 nm disappeared gradually within a few hours and new absorption features started to appear. After etching twice with glutathione, stable and well-defined peaks similar to Au 25 were obtained (see Electronic Supplementary Material (ESM), Fig. S-1 ) and the surface plasmon resonance disappeared completely. The color of the solution changed from dark brown to reddish brown. A precipitate formed when the mixture was cooled to room temperature, due to the formation of a polymeric gold thiolate. This was centrifuged out and methanol was added to the supernatant to precipitate the clusters. After washing with methanol and ethanol in succession, the sample was freeze dried to afford a dark reddish brown powder. It was redissolved in water and its UV-vis spectrum showed peaks characteristic of Au 25 SG 18 ( Fig. 1 ) with all the well-structured features and characteristic absorption maximum at 672 nm. Thus it can be concluded that the etching of Au@MSA nanoparticles resulted in the formation of highly water-soluble Au 25 clusters. The peak at 672 nm (1.55 eV) arises due to the LUMO HOMO transition which can be called an intra-band (sp sp) transition [19, 27] . The features in the lower wavelength region arise due to inter-band transitions (sp d). The etching was also carried out at pH 8. In this case, GSH was added to Au@MSA, 1:4 by weight and the pH was adjusted to 8 by adding NaOH. The color of the solution turned to pale green after 15 20 hours of heating at 60 °C. The solution was centrifuged and the supernatant was precipitated by adding ethanol. After several precipitation and washing cycles, optical absorption was measured (Fig. 1) . The surface plasmon resonance had disappeared completely and the optical absorption spectrum matches with that of Au 8 synthesized previously [9] ; the product obtained was thus assumed to have an Au 8 core, pending further characterization (to be described below).
T h e f o r m a t i o n o f A u 8 w a s c o n f i r m e d b y An adduct of this species with a dendrimer has previously been observed when Au 8 was encapsulated inside the dendrimer [7] . Other peaks with different numbers of water molecules were also seen in the spectrum. Peaks due to Au 7 , Au 6 , etc. fragments with different numbers of water molecules were also seen.
Thus from the ESI-MS analysis, it is confirmed that the product obtained after etching at pH 8 is Au 8 .
The precise nature of the protection of the core by the ligand is unclear from the mass spectrum but it is likely that it is covered with SG groups. particles upon longer electron beam irradiation of the sample, due to core fusion as is typical of clusters in this size range. This aspect was separately checked with authentic Au 25 SG 18 clusters, prepared separately using polyacrylamide gel electrophoresis (PAGE) [19] . On the other hand, nothing was seen on the grid when a solution of Au 8 was spotted.
The starting material Au@MSA is not fl uorescent, as it is metallic. However, both Au 25 and Au 8 are too small to possess a continuous density of states but rather show quantum confi ned electronic transitions and thus are fluorescent. Figure 4 depicts the photoluminescence profiles of Au@MSA, Au 25 and Au 8 . Au 8 showed strong bluish green luminescence (inset of Fig. 4 ) with excitation and emission maxima at 370 and 465 nm, respectively. The fluorescence from Au 8 was imaged by epifl uorescence microscopy ( Fig. S-2 in the ESM). Au 8 dissolved in ultra pure water was drop cast on a glass slide, dried, covered with a cover slip and illuminated at a wavelength of 330 380 nm. A strong bluish green fluorescence was seen from the various islands formed by the Au 8 clusters. On the other hand, Au 25 was more weakly fluorescent than Au 8 . In the photoluminescence spectrum, Au 25 showed an excitation maximum at 535 nm and an emission maximum at 700 nm. The excitation profile of Au 25 is different from its absorption profile. The peak at 672 nm, observed in the absorption spectrum, is not present in the excitation profile as reported earlier [19] . The excitation spectrum of Au 25 showed some differences in the 300 to 600 nm region compared to that The products after etching were analyzed using high resolution transmission electron microscopy (HRTEM) to confi rm the formation of sub-nanometer sized molecular clusters. The as-prepared Au@ MSA nanoparticles have an average diameter of 4 5 nm (Fig. 3(a) ). In contrast, the sub-nanometer Au 25 clusters are only barely seen in the transmission electron microscopy (TEM) image (Fig. 3(b) ) and no particles of larger size were observed, indicating that they have reacted completely, in agreement with the absorption spectra. Individual Au 25 clusters can be seen and are marked with circles. A higher concentration of Au 25 on the TEM grid gave larger Nano Research previously reported [19] and therefore spectra were recorded on various instruments. Minor differences were found between spectra, attributed to detector efficiencies [23, 24] . The inherent fluorescent image of Au 25 recorded by a confocal Raman spectrometer equipped with an argon ion laser (excitation wavelength 514.5 nm) showed strong fluorescence from the Au 25 -rich region ( Fig. S-3 in the ESM). Au 25 showed solid state emission at 700 nm, which is the fluorescence maximum. Since both Au 25 and Au 8 exhibit fl uorescence, they can be used for diagnostic applications as they are highly biocompatible due to their low metallic content. The luminescence from the clusters may be due to the inter-band transitions between the filled 5d 10 band and 6(sp) 1 conduction band [28] . The quantum yields calculated for Au 8 and Au 25 also studied, and matched the dynamics of authentic Au 25 SG 18 prepared by electrophoresis [19] . The next step was to check whether the Au 25 cluster is completely protected with glutathione, so that it can be correctly denoted Au 25 SG 18 . There is a probability that some MSA molecules are present. To confirm the presence of glutathione on the cluster surface, a 1 H NMR spectrum was recorded (Fig. S-4 in the ESM). The NMR spectrum of Au 25 showed features due to glutathione. The peaks were broadened and shifted slightly to higher ppm values when compared with free GSH due to the non-uniform distribution of ligands on the metal surface and the dipolar spin relaxation of the ligand on the densely packed region near the thiolate/gold interface. Free GSH in D 2 O showed fi ve characteristic resonances [22 24 ] as shown in trace II, which can be assigned as indicated in Fig. S-4 . The methylene close to SH of the cysteine residue of glutathione, labeled as 'c' in Fig. S-4 [19] . Thus the NMR, FT-IR, and ESI-MS confi rm complete SG protection of the cluster and we can confidently assign the product as Au 25 SG 18 . As the Au 8 obtained even after precipitation and purification cycles contained free glutathione which could not be removed completely, FT-IR and NMR measurements showed features due to free glutathione. The nature of ligand protection of Au 8 is unclear at this time.
Efforts are underway to purify the cluster and to obtain a clean ESI-MS spectrum in order to assign the ligand structure. The mechanism of formation of the clusters is not well understood. We present below our tentative suggestions for the formation of Au 25 . There are two possible routes for etching (Fig. 6 ). In the first route, gold atoms are removed from the surface of the nanoparticle by excess glutathione as gold(I) glutathione thiolate. The gold(I) glutathione complex may undergo strong aurophilic interactions as is the tendency for gold(I) compounds to form dimers, oligomers, chains, or layers via gold(I) gold(I) interactions due to the hybridization of the empty 6s/6p and filled 5d orbitals to form Au 25 SG 18 , as this is the most stable cluster among the glutathione protected gold clusters in the lower size range. In the second possible route, glutathione may etch the surface gold atoms of Au@MSA leading to a reduction in size of the nanoparticles in steps, resulting in the formation of Au 25 SG 18 . The gold atoms removed from the nanoparticle surface by glutathione deposit as gold(I) glutathione thiolate which was obtained as a precipitate after etching. The same explanation can also be given for Au 8 . Recently, it was reported that gold nanoparticle Nano Research size can be controlled by the size of the polymeric Au(I) thiolate precursor [29] . It was suggested that lower pH values favor larger and denser polymeric precursors and higher pH values favor smaller and less dense precursors. Consequently, the larger precursors lead to the formation of larger Au clusters, whereas smaller precursors lead to the formation of smaller Au clusters. Assuming that Au(I) thiolate is formed as an intermediate during etching, reaction at lower pH should lead to the formation of larger Au 25 clusters and that at higher pH should give smaller Au 8 clusters.
In conclusion, we have synthesized two magic number clusters, Au 25 and Au 8 , from Au@MSA nanoparticles via ligand etching with glutathione. The two clusters are highly fluorescent and can be viable options for in vivo studies since they are highly biocompatible due to their low metallic content. Due to the possibility of various ligand functionalizations [23, 24] and the possibility of obtaining fluorescence resonance energy transfer in such variously functionalized Au 25 [24] , there are numerous applications in biology which demands a fast and effi cient synthesis such as that reported here.
Experimental

Chemicals:
The following reagents were used as received. Chloroauric acid trihydrate (HAuCl 4 .3H 2 O, 99%) was received from CDH (P) Ltd., India. Mercaptosuccinic acid, glutathione and sodium borohydride were received from Sigma Aldrich. Methanol (99.8%) and ethanol (99.5%) of reagent grade were received from Merck Chemical Co.
Synthesis of MSA-protected gold nanoparticles (Au@MSA): Water soluble, metallic MSA-protected gold nanoparticles were prepared by a method similar to the one reported earlier [30, 31] . To 100 mL of 5 mmol/L HAuCl 4 in methanol, 10 mmol/ L mercaptosuccinic acid (MSA) was added. The mixture was then cooled to 0 °C in an ice bath for 30 min. An aqueous solution of NaBH 4 (25 mL, 0.2 mol/L), cooled at 0 °C, was injected rapidly into this mixture under vigorous stirring. The mixture was allowed to react for another hour. The resulting precipitate was collected and washed repeatedly with methanol through centrifugal precipitation and dried to obtain the Au@MSA nanoparticles as a dark brown powder. This method gives nanoparticles of 4 to 5 nm core size.
Synthesis of Au 25 clusters: Au@MSA in water was mixed with GSH, 1:4 by weight, in air under constant stirring. The pH of the solution was around 3. The temperature of the mixture was maintained at 55 °C ± 5 °C with an oil bath. The reaction was monitored by optical absorption spectroscopy. Heating was discontinued when absorption features similar to Au 25 appeared in the UV Vis spectrum. This typically took 12 hours. The solution was centrifuged and methanol was added to the supernatant to precipitate the cluster. The precipitate was dried to obtain the clusters in the powder form. The powder redissolved in water showed an absorption maximum at 667 nm. The powder was etched again with GSH for 6 8 h as per the protocol described above, giving a material which showed the well-structured spectroscopic features of Au 25 . The solution was centrifuged again and methanol was added to the supernatant to precipitate the cluster. The precipitate was dried to obtain a reddish brown powder. The resulting powder was redissolved in water and the UV Vis spectrum showed peaks characteristic of Au 25 which has a well-structured optical absorption spectrum with a characteristic absorption maximum at 672 nm with absorption intensity increasing towards the lower wavelength region. From the amounts used in the synthesis, we estimate that the Au 25 yield is 55% ± 5%.
Synthesis of Au 8 clusters: Au@MSA in water was mixed with GSH, 1:4 by weight, in air under constant stirring. The pH of the solution was adjusted to 8 by adding NaOH. The temperature of the mixture was maintained at 60 °C ± 5 °C with an oil bath. After 15 20 hours, the solution was centrifuged and ethanol was added to the supernatant to precipitate the cluster. The precipitate was dried to obtain the clusters in the powder form. Due to the presence of excess glutathione in the product, the yield of Au 8 could not be estimated.
Details of instrumentation: UV/Vis spectra were measured with a Perkin Elmer Lambda 25 instrument in the range 200 1100 nm. Fourier transform infrared (FT-IR) spectra were measured with a Perkin Elmer Spectrum One instrument. KBr crystals were used as the matrix for preparing samples. High resolution transmission electron microscopy of clusters was carried out with a JEOL 3010 instrument. The microscope was operated at 200 keV to reduce beaminduced damage of the clusters. Nanoparticles were measured at 300 keV. The samples were drop cast on carbon-coated copper grids and allowed to dry under ambient conditions. The Fourier transform nuclear magnetic resonance (FT-NMR) measurements were recorded with a JEOL 500 MHz instrument. The solvent used was D 2 O. The electrospray ionization (ESI) mass spectrometric measurements were obtained with an MDX Sciex 3200 Q TRAP LC\ MS\MS instrument in which the spray and the extraction are orthogonal to each other. The samples taken in 1:1 water-methanol were electrosprayed at 5 kV. The spectra were averaged for 100 scans. Fluorescent measurements were carried out on Cary Eclipse instrument. The band pass for excitation and emission was set as 5 nm. A WITec GmbH confocal Raman spectrometer, equipped with an argon ion laser (514.5 nm) was used as the excitation source to collect the fluorescence images. The laser was focused onto the sample using a 100× objective with the signal collected in a back scattering geometry. The signal, after passing through a super notch fi lter, was dispersed using a 150 grooves/mm grating onto a Peltier-cooled charge coupled device (CCD), which served as the detector. The sample mounted on a piezo stage was scanned with signals collected at every pixel. For the images displayed, the scan area was divided into 100×100 pixels for spectral image acquisition. The TCSPC setup was from Edinburgh Instruments (LifeSpec-ps) with PicoQuant laser diode excitation (375 nm). The emission decay at 445 nm was fi tted by the software supplied with the instrument. In our femtosecond up-conversion setup (FOG 100, CDP), the sample was excited at 364 nm using the second harmonic of a mode-locked Tisapphire laser (Tsunami, Spectra Physics) pumped by a 10 W Millennia laser (Spectra Physics) and emission was observed at 440 nm. The femtosecond fluorescence decays were fitted using SCIENTIST TM software. The experimentally obtained intensities in absorbance, as a function of wavelength, I(w) were converted to energy dependent values, I(E) using the expression, I(E) = I(w)/( ∂E/∂w) I(w) × w 2 where ∂E/∂w represents the Jacobian factor.
